I. Introduction
Antimonide-based materials are promising candidates for thermophotovoltaic (TPV) cells, i n k e d lasers and high-speed photodetectors [l] . These minority carrier devices depend heavily on the various recombination processes to return an excited system to its equilibrium state. Therefore, evaluation of the minority-carrier lifetime and determination of the dominant recombination mechanism are important for these device applications.
Recent work has shown that radiative and / or Auger recombination (and not Shockley-Reed-Hall (SRH) recombination) is the dominant bulk recombination mechanism in these materials [2, 31 . Theoretical calculations and experiments give a radiative recombination coefficient value of approximately 5 x lo-" cm3/s for low bandgap antimonide materials. However, significant variations have been reported in the literature for the Auger coefficients (IO-*' to cm6/s), as summarized by Charache et al. [4] . Theoretical calculations have also been done to evaluate the carrier lifetimes and the performance limits of these materials [5, 61. The focus of this work is to obtain improved values for the recombination parameters in these materials, particularly the Auger coefficients, using RF photoreflectance measurements and PC-ID simulations.
A radio-kequency (RF) photoreflectance technique, which senses changes in sample conductivity as carriers recombine following excitation by a laser pulse, is used for the measurements. Earlier work by Ahrenkiel et al. [7] and Saroop et al. [8] successfully applied this technique to chacterize antimonide-based substrates and epitaxial layers using double heterostructure confinement. This work has shown that double-heterostructure capping for quaternary layers results in a surface recombination velocity (SRV) of 1300 c d s for the InGaAsSb/AlGaAsSb interface and 1900 c d s for the InGaAsSbiGaSb interface [8] .
Doubly capped structures are important to limit the fiont and back surface recombination velocities to the order of -IO3 c d s , thereby allowing the photoconductivity decay transient to be sensitive to bulk recombination processes. In 
Experimental Techniques
The RF Photoreflection system senses changes in the sample conductivity as caniers recombine following excitation by a laser pulse. A Laser Photonics YQL-102 Qswitched Nd:YAG laser operates at 1.06 pn with a nominal pulse width and decay time of 13.5 ns and 5 ns respectively. A schematic of the measurement system is shown in Figure 1 [8].
The continuous-wave RF carrier signal, obtained kom a variable fiequency oscillator set at 410 MHZ, is fed to a tuned inductor-capacitor circuit forming the RF probe. The capacitor is adjusted so that the probe is critically coupled in the absence of a sampIe. When the coil is brought in proximity to any conducting sample, a transformer is formed with the coil as the primary and the induced eddy currents as a one-turn secondary. The sheet resistance of the sample is then transformed into an effective load resistance in the primary. Without photoexcitation, a fiaction of the RF signal is reflected fiom the effective load resistance. The amplitude and phase of the reflected signal are detected by the balanced mixer and converted to a dc voltage, which is then digitized.
When the sample is illuminated by the laser, excess carriers generated cause an increase in conductivity. The modulated reflected signal is demodulated by the mixer, providing a transient signal whose amplitude is proportional to the change in sample conductivity, assuming that the impedance change is small compared to the measurement system impedance. More than one exponential decay time is usually observed, related to the optically-induced carrier injection level. The typical RF photoreflectance response for a GaSb substrate at a laser wavelength of 1064 nm and pulse energy 1.5 d / c m z is shown in Figure 2 . The measured pulse height, initial decay time and long-decay times are indicated in the figure. Measurements at lower injection levels are carried out by placing optical filters in the path of the beam, thereby allowing measurements at intensities 15% and 5% of the original value.
The test structures used in this work include buk GaSb substrates (n or p-doped and typically 500 pm thick) and quaternary (InGaAsSb) layers with doubleheterostructure capping (carrier-confinement) layers, grown on GaSb substrates. The doubly capped structures consist of samples with GaSb capping layers ( Figure 3 ). All layers are lattice matched to the InGaAsSb active layer and are grown by organometallic vapor phase epitaxy (OMVF'E). The minority carriers are confined to the active region by 
+-+- PC-1D is a computer program which solves the fully coupled nonlinear equations for the quasi-one-dimensional transport of electrons and holes in crystalline semiconductor devices [I 01. For the RF photoreflectance simulations, the sample material and structural parameters are fist specified. Recombination parameters, including Auger and radiative recombination coefficients and &ont and back SRVs, are also specified. The sample is excited with a pulse of appropriate wavelength and intensity and the excess sheet conductance of the sample versus time is obtained. The integrated conductivity fiom the fiont to the back surface relative to the value at equilibrium is calculated; this value is assumed proportional to the RF photoresponse. 
III. PC-1D Simulation Results
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The laser pulse used for the PC-ID simulations at 1064 MI and 15 % intensity is shown in Figure 4 . The pulse has a full-width half maxima (FWHM) of approximately 14 ns. The 15 % intensity pulse, which has an energy of 0.225 mJ/cm2, is used for most of the simulations. Simulations of a 2 x lot7 cm-3 doped n-GaSb substrate at 1064 nm and 15% intensity are shown in Figure 5 . The Auger and radiative recornbination coefficients and the surface recombination velocity are set to zero, and the Shockley-Reed-Hall lifetime is varied fiom 5 ns to 100 ns; in this case the net bulk lifetime is equal to the SRH lifetime.
For these transients the low injection level decay time (i.e. long-decay time) of the transient closely matches the SRH lifetime (which is equal to the bulk lifetime) as indicated in Figure 5 . This shows that when there is no surface recombination, and there is only one bulk recombination mechanism present, the decay time of the photoconductivity transient obtained using PC-ID is equal to the bulk lifetime, as expected.
The photoconductivity transients at 100 %, 15% and 2 % optical intensities for a 2 x IOt7 cm-3 doped n-GaSb substrate are shown in Figure 6 . The following nominal values are used for the recombination parameters: Auger coefficient (C) = 5 x lo3' cm6/s, radiative recombination coefficient (E%) = 7.03 x lo-" cm3/s, TSRH = 1000 ns and SRV = lo7 c d s . The three transients have low injection level decay (long-decay) times approximately equal to 50 IIS and initial decay times of 21 ns, 23 IIS and 23 ns, respectively, for the three intensities. This shows that the value of the long decay time is independent of the injection level. Also, for the above values of QRH, recombination coefficients and doping, the calculated (fiom equation (2) Table 1 compares the decay times predicted using equation (2) Table 1 . Predicted effective lifetimes using equation (2) (TM) and PC-1D simulated cm%, B = decay times ( T S~~) for n-GaSb doped at 2 x 1017 cm-3 (C = 5 x 7.03 x lo-" cm3/s, TSRH = 1000 ns)
Simulation of quaternary (InGaAsSb) samples
As mentioned in the introduction, theoretical calculations and experiments give a value in mid-lo-" cm3k for the radiative recombination coefficient (B) of antimonide materials in the range 0.50 eV to 0.55 eV. However, the reported Auger coefficients have significant variations (loz6 to cm6/s). A doubly-capped quaternary with bandgap of 0.50 eV was simulated with different parameters to determine the impact of the Auger coefficient on RF photoreflection decay. The simulations use a ZSRH = 1000 ns and radiative recombination coefficient (B) = 6.25 x lo-" cm3/s. The Auger coefficient, SRV, sample thickness and doping are varied in the simulations to determine the impact of Auger coefficient. Table 2 shows the bulk lifetime vs. doping for two values of Auger coefficients differing by an order of magnitude (TSRH = 1000 ns and B = 6.25 x 10" cm3/s).The bulk lifetime values from this table are used to calculate (using equation (1)) the effective decay time as a function of SRV, sample thickness and doping concentration.
cm6/s are shown in Table 3 , while the effective decay times for Auger coefficient (C) = 2.04 x lo-** cm6/s are shown in Figure 7 shows the dependence of the photoconductivity transient on Auger coefficient for a 5 pm thick 0.50 eV quaternary material doped at 2 x lOI7 cm-3 for three Auger coefficients differing ffom each other by a half order of magnitude. The rest of the recombination parameters are same as before (TSN = 1000 ns, B = 6.25 x lo-" cm3/s, front and back SRVs = 10' c d s ) . The transient decay times from the simulations agree quite well with the calculated effective decay times fkom equation (l) , as shown. Since there is a significant change in the long decay time with change in the Auger coefficient, Figure 7 indicates that the long-decay time of the photoconductivity transient can be used to estimate the Auger coefficient if the sample doping concentration and thickness are known. 
IV. Experimental Results
RF photoreflection measurements at 1064 nm with 15% intensity were used to characterize samples grown at Lincoln Laboratory (98-870 series). These are variable bandgap, lattice matched 2 pm thick p-InGaAsSb layers with GaSb capping layers at the front and the back, grown on n-GaSb substrates. The active layer is unintentionally doped (-1 x IOL6 cm")), and the bandgap varies firom 0.50 eV to 0.59 eV. All samples have a 0.05 pm thick p-GaSb capping layer at the h n t and a 0.10 pm thick pGaSb capping layer at the back. Sample bandgaps and compositions are shown in Table 5 At the low doping concentration (-10l6 cm-l) of the 98-870 series samples, the radiative and Auger lifetimes are very large and do not affect the effective decay time. For example, with upper limits of radiative and Auger recombination coeficients (B = 10" cm3/s and C = 2 x 10" cm6/s), the radiative and Auger lifetimes are both greater than 2 ps at a doping concentration of 10l6 cm-' and do not significantly affect the longdecay time.
Sample 98-874 is simulated using PClD with parameters B = 5 x IO-" cm3/s and C = cm6/s and ZSW = 1 ps; an SRV of 600 c d s is required to obtain a long-decay time of 85 11s. Sample 98-873, which has the highest bandgap shows a lower long-decay time (78 ns) compared to the other samples. An SRV = 800 c d s is required to obtain the 78 11s long-decay time with the other recombination parameters the same as above. The higher SRV for this sample may be due to increased surface recombination resulting &om a decreased band discontinuity at the InGaAsSb -GaSb interface. Calculating the surface lifetime, W/2S (W = 2 pm), for the two SRVs above gives 166 11s for 600 c d s and 125 ns for 800 c d s . This confirms that for these samples the SRV controls the long-decay time.
RF photoreflection measurements (1064 nm, 15% intensity) were also performed on other samples grown at Lincoln Laboratory (98-810 series) with structures shown in Table 6 . These are 0.55 eV samples with lattice-matched quaternary active layer thickness varying fiom 2 pm to 8 pm. These samples also have a 0.05 pm thick p-GaSb capping layer at the h n t and a 0.10 pm thick p-GaSb buffer layer at the back. Five samples are doped at 2 x lOI7 ~m -~, and one sample is doped at 1 x 10" ern-'. Samples 98-813 to 98-816 show long-decay times varying fiom 38 ns to 57 ns as shown in Figure 9 . The 1 x 10l8 ~r n -~ doped sample (98-817) has no long-decay time.
Sample 98-814 was simulated using PC-ID, with Auger and radiative recombination coefficients, SRH lifetime and SRV modified to obtain a long-decay time of 42 ns; the following material parameters were obtained: B= 5 x lo-" cm3/s, C= 1 x loz8 cm6/s, TSRH = 1 ps and SRV (fiont and back) = 600 c d s . The 1 x IO'* ~r n -~ doped sample in the series (98-817) did not have a long-decay time, which could be attributed to the low net bulk lifetime (6.7 ns) obtained with the parameters above @= 5 x lo-" cm3/s and C= 1 x 1 o-'~ cm6/s).
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samples (1064 nm, 15% intensity). The capping layers are p-doped GaSb. The parameters obtained above for sample 98-814 (B = 5 x 10." cm3/s, C= 1 x cm6/s, TSW = 1 ~s and SRV (fiont and back) = 600 c d s ) were used to simulate the photoresponse ofthe three other samples in the series: 98-813 (2 pm), 98-815 (5 pm) and 98-816 (8 pm) . The simulations give long-decay times of 40 ns, 48 ns and 54 ns respectively for the three samples. These values agree reasonably well with the experimental decay times obtained for the above samples (38 m, 49 ns and 57 ns, respectively), indicating that the parameters obtained for 98-814 are applicable to all the samples in the series.
The RF photoreflection results at 1064 nm (100% intensity) for itv-1000 series samples grown at Samoff Corporation are shown in Figure 10 . The results at 100 % intensity are used because the photoresponse at 15 ' YO intensity had smaller amplitudes compared to the earlier two series of samples and the long decay times could not be reliably measured. The structure of the four samples is shown in Table 7 . The Sarnoff itv-1000 series consists of 0.55 eV quaternary samples with 100 nm GaSb fiont and back , I , .
, , capping layers. Three samples are doped at 1 x 10" cm-' and one sample at 1 x 1OI7 ~m -~.
The lOI7 doped samples have long-decay times that are too low to be measured. This latter behavior, similar to that of the sample 98-817 in the Lincoln Laboratory 98-810 series, can again be attributed to the low bulk lifetimes resulting fiom the high doping concentration. PC-ID was used to simulate the decay time (150 ns) of sample itv-1052.
However, with the simulations a long decay time as large as 150 ns could not be obtained using material parameters consistent with the previously described values SRV greater than 400 c d s , B greater than lo-'' cm3/s and C greater than 2 x loz9 cm /s). A decay time of-130 ns obtained with the following parameters: B= 1 x lo-'' cm3/s, C= 2 x cm6/s, 7 s~ = IO ps and SRV = 400 c d s is considered to be the best fit with reasonable material parameters. The longer decay time observed in this sample may be due to the effect of trapping or photon recycling. The above simulations and conclusions assume accurate characterization of the doping concentrations of these low band gap samples; the recombination parameters (mainly the Auger coefficient) were modified to obtain a decay time compatible with the experimental results. However, higher values of the Auger coefficient combined with a lower active-layer doping concentration can also result in decay times compatible with the e erimental results. Assuming an Auger coefficient an order of magnitude larger (2 x 10 cm6/s), the doping concentration of the samples was decreased to obtain a decay 
V. Summary and Conclusions
PC-1D simulations and lifetime measurements using RF photoreflection have been carried out to obtain improved values of recombination parameters for doublycapped lattice matched InGaAsSb samples in the 0.50 eV to 0.59 eV range. PC-ID simulations show that the long-decay times of the photoconductivity transients, after taking into account the effect of SRV, can be used to obtain the effective lifetime of minority carriers and, with well characterized samples of variable doping concentration and thickness, fundamental recombination parameters.
RF photoreflection measurements and PC-ID simulations with a 0.55 eV, 3 pm thick, 2 x 10'' cm-' doped sample (98-814) show a radiative recombination coefficient (B) = 5 x 10" cm3/s and Auger coefficient (C) = 1 x cm6/s. Simulations with the same parameters give long-decay times of 40 ns, 48 ns and 54 ns respectively for the three other samples in the series: 98-813 (2 pm), 98-815 (5 pm) and 98-816 (8 pm).
These values agree well with observed experimental results. Sample 98-874 (0.50 eV, 2 um, 1 x loi6 cm-3 doped) shows an SRV of 600 c d s , slightly lower than prevjous estimates for InGaAsSb/GaSb materials [SI. The lower decay time of the higher bandgap (0.59 eV) GaSb capped quaternary sample is attniuted to slightly increased surface recombination resulting fiom a decreased band discontinuity at the InGaAsSb -GaSb interface; an SRV = 800 c d s was obtained for this sample.
doped samples (98-817, itv-1027, itv-1028 and itv-1030) are attributed to increased Auger recombination. With B= 5
x 10" cm3/s and C = 1 x lo-'* cm6/s, the 1 x 10" doped sample has a calculated bulk decay time of -6.7 11s. For sample itv-1052 (0.55 eV, 1 x 10'' cm-' , 3 pn thick) a long-decay time of -150 IIS was observed with the RF photoreflection measurements. A decay time of-130 11s obtained in PC-ID with the following parameters: B= 1 x lo-" cm3/s, C= 2 x cm6/s, T S~ = 10 ps and SRV = 400 c d s is considered the best fit. The longer decay time of this sample may be due to the effect of trapping of minority carriers or photon recycling.
Accurate doping concentrations in low band gap lattice-matched quaternary layers on doped GaSb substrates are necessary for accurate experimentally-based values of recombination parameters. Dependence of Auger and radiative recombination lifetimes on the doping concentration can be plotted using the equations T h d = l/BN and T A~~~~ = l/CN2. With the experimentally-based recombination coefficients (B= 5 x lo-" cm3/s and C= 2 x cm6/s) Auger recombination becomes the dominant bulk recombination mechanism at doping levels above -4 x IO" cmJ; at lower doping levels radiative recombination is dominant. If the Auger coefficients are higher, Auger recombination becomes the dominant bulk recombination at lower doping concentrations. This difference can be critical in design of antimonide-based minority carrier devices, particularly TPV cells and photodetectors.
The low decay times observed for the 1 x 10l8
